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Abstract. Iixcellent data on deforestation have been obtained in the tropics using
high-resolution optical sensors. Yet, several problems remain. Cloud c.over creates
data gaps whichlimit the possibility of complete and frequent assessinents, and see-
ondary growth is not well characterized. Active microwave sensors could usefully
cotnplement these sensors because they operate independent of cloud cover and are
more prone to detect differences in woody biomass associated with various stages
of clearing and regrowth. Anexample is discussed here using fully polarimetric, C-
(5.6 cm)and 1,-band (24 cn) frequency radar data gatheredin October 1994 by
NASA’s Shuttle hnaging Radar C (SIR-C), south-cast of the city Of Porto Velho,
m the state of Rondomnia, Brazil. Wc analyzed the SIR-C data in combination with
Landsat TM data acquired in October 1993, a 9-ycar time series of SPOT' XS data
acquired in July-August from1986Gto 1991, and apreliminary field survey conducted
in October 1995. .- band polarimetric radar data separate well primary forest, non-
forest,and various stages of forest clearing and vegetationre-growth of diflerent woody
biomasses. They do not separate well intermediate regrowth 7-8 years of age. Recent
clearings arc radar-bright, at horizontal polarization due to the presence of felled and
standing dead trunks, and decrease in brightness with age. Landsat TM / SPO'T XS
scparate well primary forest, deforested arcas, andforest regrowth, but provide httle
information on vegetation biomass. Significant iinprovements inland cover classifi-
cation a.rise from combining Laudsat TM 1993 and SIR-C 1994 data. We separate
with a high degree of confidence: 1) open water; 2) flooded dead forest; 3) primary
forest; 4 ) clearings with 110 woody biomass;5) 1 -ycar-old slash and burn of interinedi-
atc woody biomass; 6) <I-year-old slash andburn of high woody biomass; 7) initial
sccondary growth (0-5 years) of low woody biomass; and 8) intermediate secondary
growth (6-9 years) of interinediate woody biomass. The results demonstrate the syn-
crgy between radar and optical for detecting various levels of woody biomass and live
vegetation in secondary growth. Current prospects with existing international SARs
arc limited. C-band SARs are unappropriate for detecting woody biomass. At our
site, JIIRS-1, single-channel, 1.- band SAR underestimates deforestation by > 100%
because it dots not separate well interimediate levels of woody biomass. SARs oper-
ating at long radar wavclengths, with both like and cross- polarizations, are n ced ed
for tropical deforestation studies.



Introduction ant] Objectives

Over the last two centurics, the concentration of at mospheric carbon dioxide has
increased by > 25% (Neftelet al., 1985). Most of the current flux is attributedto fossil
fuel burning, but a third is thought to have come from deforestation in the tropics
(Houghton, 1991; Houghton and Skole, 1990; Houghtonet a., 1985). Although it is
generally agreed that tropical land use change is anet source of atinospheric carbon,
estimating the magnitude of’ this source is difficult. Three types of data arc required
to calculate its magnitude: 1) the rates and geographic distribution] of deforestation,
2) the fate of deforested land, including regrowth and re-clearing, and 3) the changes
inthe stocks of carbonabove and below groundas aresult of disturbance and recovery
tine. Although the rate and extent of deforestation have become more accurately
documented in recent years, large uncertainties remain in the estimates of cay bon
stocks insoil and vegetation (Houghton, 1 991) andinthe fate of deforested land

(Skole et al., 1991).

Satellite remote sensing has helped quantity deforestation over large regions (Tucker
et a., 1984; Nelson andlolben,1986; Nelson et al. 1987; Skole and Tucker, 1993).
Although initial estimates diverged widcely, they convergedinrecent years as a result
of a wider utilization of high- resolution (< 100 m) scnsors (Townshend and Justice,
1988; Skole et al., 1994; Moran et a., 1994). Excellent data on deforestation has been
obtained and arc being obtained with Landsat images over the entire legal Amazon
(Skole and Tucker, 1993) andin south-cast Asia through NASA’s Landsat Pathfinder
program (Skole, pers. commun. 1 996). Forest, clearings, and secondary growth arc
well separated spectrally. Yet, several problemsremain. First, the various stages of

secondary regrowth arc not easily differentiated. Second, cloud cover is anubiqui-
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tous problem in the humid tropics which limnits de forestation assessments in time and
space. Third, optical sensors are not good tools for measuring stand characteristics
such as density and biomass (Sader et al., 1989). As a result, dcforestation assess-
ments are conducted over periods of several years, gaps exist inground coverage, and
information on woody biomass and accumulationrate of secondary growth is limited

and site specific..

Carbon models often ignore the role of sccondary forests because it is not well known
what fraction of the landscape they occupy, how muchcarbon they accumulate and
how quickly, and what fraction of deforest ationoccursinsccondary growth. Sec-
ondary forests have lower stocks of earl.ml, but they accumulate carbon quickly in
the 10-20 years following disturbances (Brown and Lugo, 1990). Inone arca of Ron-
donia, Brazil, Skole et a. (1994 ) estimnated 30 percent of the disturbed forests were
sccondary growth, and the pool of regrowth doubled between 1986 and 1989 (Alves
and Skole, 1996). Facl1 year, 50 percent of the deforested land is abandoned, and 42

percent of new clearings were from sccondary growthin 1988-89 (Skoleet al., 1 994).

Separating different ages of regrowth is possible with Inulti-year optical data (l.ucas
ct a., 1993, Moranet a. 1994, Adams et al., 1995, Steininger, 1996) but the task over
the entire Amazon basin would be daunting. These multi-year techniques are site-
specific, limited by the availability of cloud-flee images, and provide little information
onwoody bioinass. One alternative is to combine optical with radar data. The interest
of the syniergy emerged years ago (Stone and Woodwell, 1 982), but the prospects have
been limited by the absence of spat.etxmle SARs and by the lack of airborne SAR
observations of the tropics, until just recently. Radar systems have several inherent

advantages that make them a unique complement to opti cal sensors. They operate




independent of solar illumination and cloud cover, and interact with the larger-sized
components of the forest, suchas branches and tree-tru]lks, which containthe largest
fraction of woody biomass. Rescarch conductedinthelate 1 980's and carly 1 990’s,
on nou-tropical forests, with airborne radar scnsors showed radars perforin best at
measuring woody bioinass when operating at the longer radar wavelengths, at more

thanone polarization (e.g. Sader,1987; Dobson et al., 1 992; Rignot et al., 1 995).

The data collected in 1994 by NASA’s Shuttle Imaging Radar C (SIR-C) during its
two missions were by far the most comprehensive data set of multi-channel radar
observations ever collected in the tropics. Its overflight of South America provided
the first synoptic views of the Amnazon basin at both C- (5.6 cm)andl-band (24 cn)
frequency, with multiple polarizations, over regions long surveyed by optical sensors.
Our study site is locatedinthe state of Rondonia, Brazil, withinan area selected for
intensive studies of tropical deforestation for the Landsat Pathfinder project (Cho-
mentowski et al.; 1 994), along a track for which fully polarimetric radar data were
collected. The availability of full polarimetry isanimportant advantage over single or
dual-channel data because it provides a complete characterization of radar scattering
at a given radar wavelength. It is then possible to analyze separately the contri-
butions from surface scattering, volume scattering, or double bouncing of the radar
signals. This analysis helps in turn better interpret the type of ccological information
obtainable from the radar data, resolve uncertaintiesininterpretation of single or
dual-channel data, and predict the performance level of existing and/or future SARs.
To validate the results, w ¢ employed Landsat T'M imagery from 1993 and SPOT
XS imagery from 1986, 1988, 1989, 1991, 1992, and1994 (no c.loud-free data were
collectedin 1987, 1990, and 1 993). We conducted a preliminary field survey of the

site in October 1995, We now describe the performance of SIR-C SAR at detecting




deforestation and thefate of deforested land, the synergistic utilization of SIR-C SAR

and Landsat TM, and the prospects for future combined usc of the two technologies.
Study Site

Our study site is located 50 kin south-east, of Porto Velho, the capital of the state of
Rondonia, in aregion of low relief, with gently rolling topography, high precipitation
and tropical scasonal climate. Deforestation has increased in Rondonia at a faster
rate over the past two decades than anywhere else inthe world (Malingreau and
Tucker, 1 988). Colonization and agricultural expansion programs started in 196S and
accclerated greatly in 1984 with the completion of highway 111{- 364 which facilitated
immigration into Rondonia. The region once supported a continuous cover of primary
tropical moistrain forest, with a woody biomass of about 170 tons of carbon per
hectare (Brown and Lugo, 1990). About 12 percent of the Rondonia forests have been
cleared in the 1980’s (Skole et al., 1 994), where there was little deforestation in the
1 970’s. The majority of clearings arc establishied by {elling and burning of the forest,
mostly by families (Daleet al., 1994). Much of theland is now in pasture of various
quality for cattle, andseccondary growth of various ages. Smaller plots are planted
with coffec, maize, beans and other crops (Dale et al., 1 994). Unproductive fields
arc quickly abandoned, typically after 3-4 years, tosupport forest regrowth (Alves
and Skole, 1996). Regrowth is typically vigorous and dominated by several pioncer
species (e.g. Ceeropia), which yield a regular and homogeneous canopy structure.
The rates of accumulation]) of biomass (anet uptake of atmospheric carbon) depend
ontheage of forest clearing, but also onthe history andintensity of land use prior

to abandonment (Uhl et a., 1988; Nepstad et al., 1991 ).

Remote Sensing Data




The SIR-Cimagery available for our site was himited to a single track named Manaus
CSAP-B, Brazil, acquired on October 6, 1994 at 06:1 8:28.1 GMT or 02:18 am local
time, during orbit 94 of the space shuttle Endeavour. The fase-color composite
image shown in Figure 1 is centered at § deg 58 south, 63 deg1 7’ west. North
is on top. Image size is 20.7 kin by 25 kin. Pixel spacing is 12.5 m and spatial
resolution is 25 monthe groundin both along-track (aziinuth) and across-track
(range) direction. SIR-C illuminated the scene from the right, at an altitude of
213 km, with an incidencc angle of theradarillumination at scene center of 37¢. The
data were automatically calibrated in the JPL SIR-C SAR processor. In Figure 1,
red is the radar amplitude measured at 1.- band frequency (24 cn) HHH-polarization
(horizontal receive and transimnit); green is 1o band HV-polarization (horizontal receive
and vertical transmit);andblue is C-band (5.66 cin) frequen cy, HV-polarization. The
S11{-(; images were spatially registered to the Landsat I'M images after rotation and
re-sampling of the SAR imagery to a common pixel spacing on the ground, and using

precision tie-pointing between the two scencs.

A JERS-1SAR scene of the same region was acquired in February 1994 (Figure 2).
The sensor altitude was 580 kin, with the same incidence angle as SIR-C. Spat ial

resolution was only 100 mninthe product made avail able to us.

One cloud-free Landsat ‘I'M scene was acquired on October 7, 1993. Spatial resolution
is 30 m.InFigure 3, red is the reflectance incasured in band 4 (near infra-red), green
is band 3 (red visible), andblue is band 5 (inidinfra-red). Arcas of llo]l-forest appcar
blue, secondary growth is red, and primary forest has an intermediate darker reel

signature.
Multispectral SPO'T XS data from 1986, 1988, 1989,1991, 1992 and 1994 were also
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available for that area. Spatial resolution is also 30 . The spectral bands are
diflerent from those on Landsat T'M. SPO'T has green visible, red visible and near
infra-red channels, but no mid infra-red channel. Al SPOT" data were acquired in
July-August, after most forest clearing has occurred. Landsat T'M and SIR-C data

were acquired in early October which c.oil)c.ides with the peak of the burning scason.

Preliminary field survey

We visited the test site in late October 1995, one year after the SIR-C flight. Forest
clearings which occurred inthesummer of 1995 could, however, easily be identified
inthe field because of the fire scars. Visiting the area withsatellite iinagery inhand
and a preliminary analysis of the data also helped optimize the field selection, the
type of observations to be made, and the positioning and navigation from one ficld

to the next.

Ground photographs were takenin all four directions inthe 24 emplacements we
visited. Representative examples of the types of land cover are given in Figure 4. We
noted GPS location, majortypes of land cover (pasture, forest, succession forest, slash
and burn, etc. ) and, whenever possible, estimated the approximate age of clearings
based onground cover and land degradation]. A morc detailed and extensive field

campaign is planned in the area in the suimner of 1996.

Methods

The S] "or” XS images were analyzed to estimate the age of clearings of about 150
fields, andthe history of landuse between 1986 and 1994, Only four categories of
land cover were utilized: water, forest, lloll-forest, andsccondary growth. These

are the same categories which arc operationally utilized for the Landsat Pathfinder
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(1,1°) project (Chomentowski et al., 1994). The classification technique used for the
Landsat TM data was aniterative self-organizing data analysis technique (Tou and
Gonzalez 1974) to define the inherent spectral clusters (40 clusters) within the data.
A convergence thheshold of 95required to mect this threshold, A minimuin distance
classifier was applied to assignthe pixels to the clusters. A knowledged-based ap-
proach was used to assign the output clusters to our thematic classes of water, forest,

Jloll-forest and sccondary growth (Figure 5).

To classify the SIR-C data, we sclected training sites inthe various types of land
cover visually separatedinthe false-color composite Sill-C image. Labceling of these
training sites into various types of land cover was performed based on the results
of the Landsat classification, the field suivey, and our knowledge of radar scattering
from land surfaces. We sclected one training area for cachone of the 7 categories
of land cover that could beidentifiedinthe SIR-Ciinage. These categorics arc: 1)
open water; 2) flooded dead forest; 3) primary forest; 4) clearings with no woody
biomass; 5) recent slash and burn with high woody biomass; 6) older slash and burn
of lower woody biomass; and 7) initial secondary growth. To classify the entiiescene,
the Bayesian classifier of Rignot and Chellappa (1 992) was utilized. The polarimetric
characteristics of the training sites arc listedin ‘1’able 1. The SIR-CSAR classification)]

map is shown in Iigure 6.

To help understand and physically interpret the radar scatteri ng properties of the
scene, we used a mathematical decomposition of the polarimnetric signal into canonic
forms of scattering (van Zyl, 1992). Total backscatter from the polari metric data is
decomposed into its eigenvalues and eigenvectors which correspond to three scattering

modes: 1) single bounce scattering; 2) double bounce scattering, and 3) volume scat-




tering. Single bounce scattering is represented in blue in Figure 7, double bouncing
1s red, and volume scattering is green. The intensity of cach color is proportional to
the contribution of cach canonic formn of scattering to total backscatter. The vesults

are discussed in the next section.
Results
Analysis of Radar Scattering

In the Cloude decomposition, voluine scattering (green) dominates the landscape at
both radar frequencies (Figure 7). The magnitude of volumne scattering is deter mined
by the intensity of the cross-polarized returns (van Zyl, 1 992). Scattering models
of forest canopies showed cross- polarized 1 eturns are caused by volume scatier ing
mteractions with the branches and leaves of the forest canopy (Durdenet a., 1 989; van
7y1,1989), and therefore depend mostly on crown biomass, the dielectric constant of
the tree constituents (meaning essentially their water content) and canopy struc ture.
At C- and l.-band, radar backscatter of primmary forests is therefore dominated by
volume scattering interactions within the forest canopy. Other sources of scattering,
which include single bouncing of the signals on the ground or on the upper canopy
and double-boullcc mechanisms between trunk-ground or canopy-ground reflectors,
are much less significant. The “greeness” of the decomposition is also larger at C-
than at L-band. This is an expected result because C-band signals interact mostly
with randomly oriented objects from the upper canopy (leaves, twigs, andbranches),
whereas L-band signals interact more with larger, less randomly oriented, objects

such as the larger branches.

Over flooded dead forests boardering the Rio Jamari, double bouncing of the radar
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signals dominates. These forests were killed by permanent river flooding after the
completion of Samuel Dam in 1989. We attribute their radar signature to double
bouncing of the radar signals onthe cornerreflectors forimed by the dead tree-tm))ks
standing inflooded ground. Volume scattering is limnitedly ccause no live forest canopy
is present, and surface scattering is limited because radar signals bounce away from
the radar direction when they reach the highly reflective flooded ground. Double
bouncing is facilitated by the lack of attenuation of the incoming radar signals by the

forest canopy. These forests are the brightest objects of the entire scene.

Over clear-cuts, the blue color dominates, which is consistent with single bounce
scatt ering on a dielectric surface. The proportion of volumme scattering increases
at C-band compared to l.-band, probably the vesult of enhanced scattering from a

vegetation layer of shrubsand grasses at C-band.

Recently cleared areas behave differently from any other type of land cover. Dou-
ble bouncing, single bouncing and volume scattering contribute alimost equally to
total backscatter, resulting in a nearly white tone inIigure 7, especially at 1,-band.
Double bounciug of the radar signals on the remaining standing trunks is therefore
not the dominant source of signal, contrary to presumptions based onsingle-channel
radar data collected by SIR-B (Stone and Wood well, 1982). Double bouncing is less
significant than in flooded areas because the ground is less reflective of the radar illu-
mination, and volume scattering from the disturbed forest canopy is still significant
because the forest canopy was not completely destroyed. Single bounce scattering
is large, probably because of the presence of felled t ree-trunks.  Studies of radar
scat tering from a layer of randoinly oriented, horizontal, diclectric cylinders showed

11]1-polarized scattering canbe verylarge, if not dominant (Rignot, 1995). In our
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decomposition, the presence of felled trees probably translates into a significant in-
crease 1 single bounce scattering over recent slash and burn compared to other types
of land cover. older clearings show much less double and single bouncing, probably
because of the rapid regrowth of the understory vegetation and/or the subsequent

removal of theremainingtree trunks.
Analysis of the SAR Classification

We visit ed 24 fields, and examined differences between Landsat and SIR-C i more
than ] 50 ficlds based 011 the history of landuse extracted from the SPOT data. We
now discuss theresults by land cover category. These categories are:] ) open water, 2)
flooded decad forests; 3) non-forest; 4) forests; 5) slash and burn; 6) Initial regrowth;

7) Intermediate regrowth; and 8) Advanced regrowth,

Water: Open water has low reflectance inbothradarandoptical. Inthe radar data, it
1s most casily identified as arcas of lowest backscatter at HV-polarization, close to the
systemnoise floor (rl’able 1 ). Smallriver streamns within the forest arc misclassified

by SAR due to edge effects from the surrounding forest.

Ilooded dead forests: Flooded dead forests arc distinctly radar-bright, with large
(120 degrees) phase difference between 1111- and VV-polarized returns at both C-
and 1-band (Table 1 ). They arc not separated from open water by lLandsat because
these forests are dead and have no live biomass. At the exception of one area inthe
north-cast of the scene perhaps misclassified as recent slash and b urn, flooded dead
forest was correctly classified with SAR throughout the entire scene. Separating those
forests from other types of disturbed forests is relevant because their destruction did

not result directly from deforestation activities.
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Non-forest (no woody biomass): Non-forests are defined diflerently in the Landsat
and SIR-C classifications. InLandsat, [loll-forests are defined as brightinband 3
and 5, and correspond on the ground to pasture, bare fields, and slash and burn. 111
SIR-C, lloll-forests arc defined as arcas of no woody biomass, mecaning low 1111- and
IIV-polarized returns atl-band (rI’able 1), and correspond to pastures, bare ficlds or

sinall areas of subsidence cultivation.

Arms identified as non-forest by SIR-C are old clearings from 1986,1988 and 1989. A
fewstands close to highway 111{-364 or along amain access road which were cleared
in the summer of 1994 (primary forest inlandsat 1993) had apparently no woody
biomass left in October 1994 according to the SIR-C classification. We did not visit
those fields, but the results suggest felled tree-tru]lks must have been removed from

the ground.

Several arcas identified as Del]-forest by l.andsat were classified as new clearings
with SIR-C. One examnple arca, labeled R6, burnedin1993 and still containing large
amounts of woody biomassin 1995, is showninFigure 4. Both classifications are
correct, but SA R helps refine the characteristics of those fields interms of woody

biomass and charcoal residucs.

Forests: Forests have a uniform reflectance in the Landsat imagery and are well
distin guished fromthe other classes. Inthe SAR data, primary forest has the highest
level of HV-polarized backscatter ("1"able 1), indicating high crown biomass, and an
mtermediate level of brightness at the other polarizations.  Textural variations in
radar backscatter arc more pronounced in the forest that inany other type of land
cover (sceTable 1 ). Water is an exception because it is close to to the noise floor of

the data. Without using texture, forest is however well separated in the SIR-C SAR
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data. Frrors are mostly commission errors as interinedia te regrowth (see below’ ), and
B

slash and burn from 1993 arcincorrectly class ified as primary forest.

Slash and burn: In the Landsat data, 1-ycar-old clearings (forest in SPOT 1992)
appcar blue, because there was not much green vegetation left after clearing. They arc
classified as non-forest. A few clearings are classified as regrowth, probably because
there was cnough green vegetation left undisturbed in the field after clearing. Another
possibity is understory regrowth from the previous year was significant. SAR identifies
<1 -year old clearing more easily becausc of their very bright 1111-]Jmlarimx| response
and the absence of large phase differences between 1111- and VV-polarization. Slash
and burn from 1993 is however confused with forest in the SIR-C classification. A's
hypothesized by Stone and Woodwell (1982), recent clearings start off very bright and
decrease in brightness with age. In our data, we findthat after onec year, confusion
with the forest is possible. After > 1 year, confusion is again reduced because these
disturbed arcas become less bright than the forest. All forest clearings from 1991 and
1992 were correct]l y separated fromn the for est and identified either as initial regrowth
or ]loll-forest, Fiecld studies conducted in the near-by city of Jamari by Kaufian et
a. (1 995)indicated a total biomass consumption of about 50% for slashed primary
forests in this region. Based ontheir results, total above-groulld biomass of slash and

burn should range from 140 to 220 tons/ha.

Initial regrowth: In Landsat, secondary growth is characterized by a bright reflectance
in band 4, moderate to high reflectance inband 5 and low reflectance inband 3. Crops
have also have moderate to high reflectance in band b, but low reflectance i band
4. Few crops were present in our study area 1]] the SIR-C data, secondary regrowth

is defined as an interinediate evel of woody biomass between non-forest and forest,




with no preferred vert ical or horizontal st ructure as opposed to the case of recent
slash and burn. Initial regrow’tll, 0-5 years of age, probablyhasa woody biomass of

the order of 20-50 tons/ha (Uhlet al., 1988).

Intermediate regrowth, typically 7-8 years of age and cleared in 1986 or 1988, was
not scparated w c]] from the forest by SIR-C SAR, but was correctly ident ified as
sccondary growth inthe Landsat data, 1.-band signals do not separate those stands
from the forest well because of signal saturation. Cleared between 1986 and 1988, 6 to
8 years prior to the SIR-C flight, those fields have been replaced mostly by cecropia-
dominated forests. Their woody biomass is probably inthe range 50-100 tons/ha
(Uhl et al., 1988). Farlier studies conducted with airborne SARs suggested 1-band
signals saturate about 100 tons/ha woody biomass (c.g.Dobsonet a., 1992). Here,
the cecropia forests probably do not have woody biomasses > 100 tons/ha but their
canopy of large shedded leaves probably reached a mature stage of crown biomass
which explains the satu ration of the L-band HV-polarized signals. Landsat TM 1in-
agery separates well those arcas from primary forest, probably because they contain

different tree species.

Advanced regrowth, > 10 ycar of age, could not beidentified by either sensor in our
study site, We only found one sue]] area inthe time series of SPOT data, next to a
large farm settlement. Inthe S1°()'1 1986 data, this forest alrecady had the spectral
characteristics of regrowthseveral years of age. We t hierefore believe the regrowth

was at least 10 ycars of ageinl1994.

SIR-C SAR / Landsal Combined Classification

We combined the classifications produced by both sensors using a simple combinatory
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analysis. The results are shown in Figure 8. The definition of cach class and the
performance of the classification is discussed next by land cover category. We utilized
8 categories of land cover for which we had high confidence in the results. These
categorics arc: 1) open water; 2) flooded dead forest; 3) clearings with no woody
biomass; 4) forest; 5) <I-year-old slash and burn; 6) I-year old slash and burn; 7)

initial regrowth; and8)intermediate regrowth.

Open water was mapped using arcas classified as open water by landsat I'M after
removing flooded dead forests identified by Silt-~ SAR. Flooded dead forests were
delincated using the SIR-C SAR classification. Non-forest was defined using the
areas classified as llon-forest by SIR-CSAR,mcaningno woody biomass. Forests
were mapped using the Landsat T'M classification since SIR-C SAR overest imated
the fraction of forest. Slash and burn from 1991 were identified using SIR-C SAR
alone. Slash and burn from 1993 wereidentified as areas classified as forest by Silt--(;
SAR and lloll-forest by landsat T'M.Imtialregrowth was mappedusing the S11{ C
SAR classification. Finally,intermediate regrowth was identificd as areas classified

as forest by S11/-(; SAR andsccondary regrowth by Landsat T'M.

This combination resulted in major improvements in the characterization of land
cover typesandinconfidence of the classification. In sccondary growth, Landsat
helped identify live vegetation and S11{-(; helped categorize different levels of woody
biomass. Qur preliminary survey was not sufficient to provide quantitative estimmates
of the classification) accuracy of eachtype of land cover, but the 8 broad types of land
cover discussed above were identified with high confidence by both sensors. To obtain
amore comprehensive assessment, the analysis will be extended to cover larger areas

of Rondonia, and an extensive grou nd survey is planned in the sumnmer of 1996.




Potential of International SARs

C-band VV (similar to BRS-1SAR, launchedin 1 991) dots not separate forests from
slash and burn (Table 1 ), and provides only a 2-3 dB3 contrast between forest and
pasturce (Table 1), compared to more than 6 dB at 1-b and (Table 1). Its potential
for land applications is limited. C-band HH (similar to Radarsat SAR, launched in
1995) yields bright returns inrecent slash and burn of high biomass, and non-forest is
better separated from the forest than at C-band VV, but other types of land cover are
not well separated from forest, With single date imagery, C-band SARs have limited

potential for deforestation studies.

I-band HH (JERS-1 SAR, launched in 1992) could be more appropriate to detect
changes in woody biomass. Over the Rondonia test site, JERS-1SAR (Iigure 3)
however underestimat ed the arca of deforest ation by > 100% because forest fallow and
undisturbed forests have similar bright nesses. Recent clearings are slightly brighter
than the forest. The contrast in radar backscatter inless thaninthe SIR-C data,
probably because the JNRS-1SAR data were acquired later in the season. Clearings
identified by JERS- 1 SAR correspond to arcas of no woody biomass in the SIR-
C/lLandsatland cover classification. We conclude single-date JERS- 1 SAR imagery
is likely to underestimate deforestation and inay provide only limited information on

sccondary growth.

Nonc of these single-challncl spaceborne SARs were optimized for land cover mapping
i the tropics. lLong radar wavelengths, with both like and cross polarizations arc
required for land cover mapping app licationsinthe tropics. Radar wavelengths >
24 cm should probably separate better 7-8 years forest regrowth from primmary forests,

In the tropical rail]-forest of the ManuNational Park, inPeru,airborne SAR data
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gathered at P-band frequency (68 cm) separated cecropia-do minated successional
forests very well from other forest types, and indeed much better thanat 1,- and

C-band frequencies (Rignot et a., 1 995).

Because the analysis presented here was limited to asingle site, we should be careful
not to overstate the validity of the results, especially with regards to the apparent
saturation of the radar signals in mature forest. Other types of regrowth must be
considered, with different tree species, as wel] as other types of land use, in different
regions. Yorinstance,airborne SAR observations of the 2,200-acre farinscttlement of
Gallon Jug in northern Belize revealed 1.-band signals could detect crops undernieth
native trees that remained undetected in Landsat imagery. Although 1.-band signals
scemingly saturate over mature tropical forests, subtle changesin forest structure and

cvenunderstory vegetation arc stilllikel y to be detect ed very well.
Conclusions

Few studies of the optical/radar synergy have been conducted in the tropics, mostly
because of alack of appropriate radar data. Theresults of this study suggest the
combined use of opticaland radar imagery would significantly improve our character-
ization of land cover types in the tropics, especially with regards to woody biomass
and forest structure of disturbed forests. Inplaces often shrouded by clouds, imaging

radars may also be the only alternative to Landsat/SP QT imagery.

Prospects for the synergistic utilization of both sensors are currently limited. Fxisting
mmternational SARs arc not optimized for land cover applications over highly vegetated
terrain. A SAR instrument operating at a long radar wavelength, with both like

and cross- polarizations is needed for studying cha nges inland cover and land use.




Complementary analysis of SIR-C data gathered in other parts of the tropics will
shortly follow. These studies will help provide a more extensive evaluation of this new
technology for studying tropical land use and for establishing a general methodology

and structure for synergistic utilization of both optical andradar instruments.
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Table 1. Radar characteristics of the 8 training areas used for the SIR-C SAR Jaud
cover classification. of;y is the radar cross-section expressed indl3 at HV-polarization.
punvy isthenormalized correlation]] coeflicient between HH-and VV-polarized radar
returns, and@unvy is the phase diflerence between 1111- and VV-polarized radar
returns expressedin degrees.

Band | ofy ] oy I ovy ] PHHVV I—d};)uvv l Land Cover Type ||
I.-
| -19.51-29.8 | -18.3 042 -5 Open water
-10.6 | -20.8 | -11.0 0.55 10 | Clearingssno biomass
-9.21-18.9|-11.0 0.46 | 10 | Clearingsno biotass
-4.41-17.71 -9.0 0.40 -120 Flooded dead forest
B -5.81-15.8 | -8.3 0381 -5 Initial Regrowth
-6.01-13.9| -8.2 0.31 -15 Intial Regrowth
-9.2 [-13.9 | -74 040 -5 Slash and burn
ral-120 ] ral 020 0 Primary forest
o -

| -16.4 | -24.1 ] -16.7] 0.27 -15 Open water
| -39 -11.9| 5.8 0.46 | 0] Clearings no biomass
-4.81-11.6 | -5.5 0.46 | 0| Clearings no biomass
1.8 [ -17. 1 -7 0.35| -130 | Y¥looded dead forest
3.21-133 1 53] 054 0 Initial Regrowth
| 4.0]-104 | 46 042  -b Initial Regrowth
3.2 ]-11.2 | -44 049 -5 Slash and burn
- -4.71-105 | -4.7 046 | 0 Primary forest
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List of Figures

I'igure 1. False color composite image of the study site inthe state of Rondoma,
Brazil, acquired by Sill-(; on Qctober 7, 1994.1.-band 1111 is red, L-band 1V is
g reen, and C-band BV is blue.

Figure 2. False color composite image of the study site in Rondonia acquired by
Landsat TM on October 7, 1993, Band 4 is red, band 3 is green, and band5 is blue.

Figure 3. JKRS-1SAR scene of the test sit ¢ acquired inFebruary 1994

Figure 4. Fxamples of land cover typesal test site. (8) Photo of 1993 clearing with
regrowth from 1989 in background and 1 year regrowth in foreground (8). (b) initial
rough clearing (R6) (c.) Clearing classified as secondary growth by Landsat (l11). (d)
1995 clearing.

Iigure 5. classification map of the Landsat TM1993 data.

Figure 6. Classification mayp of the SIR-C 1994 data.

Figure 7. Mathematical decomposition of the radar scattering for the Rondonia
test site at (@) C-band and(b)l-band{requencies. Red is the amplitude of double

bouncing interactions, green is voluine scattering, and blue is single bouncing.

Figure 8. Classification of land c.over type using SIR-C SAR and Laudsat 'I'M data.
combined
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